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Rotavirus spike protein VP4 is implicated in several important functions, such as cell attachment, penetra-
tion, hemagglutination, neutralization, virulence, and host range. It is present at the plasma membrane and
colocalizes with the cytoskeleton in infected cells. We looked for cellular partners responsible for the local-
ization of VP4 by two-hybrid screening of a monkey CV1 cell cDNA library. In the screen we isolated repeatedly
three cDNAs encoding either two isoforms (a and c) of Rab5 protein or the prenylated Rab acceptor (PRA1).
The small GTPase Rab5 is a molecule regulating the vesicular traffic and the motility of early endosomes along
microtubules. Rab5 interacts with a large number of effectors, in particular with PRA1. Interactions of VP4
with both partners, Rab5 and PRA1, were confirmed by coimmunoprecipitation from infected- or transfected-
cell lysates. Interaction of Rab5 and PRA1 was restricted to free VP4, since neither triple-layered particles nor
NSP4-VP4-VP7 heterotrimeric complexes could be coprecipitated. Site-directed and deletion mutants of VP4
were used to map a VP4 domain(s) interacting with Rab5 or PRA1. Of the 10 mutants tested, 2 interacted
exclusively with a single partner. In contrast, the domain extending from amino acids 560 to 722 of VP4 is
essential for both interactions. These results suggest that Rab5 and PRA1 may be involved in the localization
and trafficking of VP4 in infected cells.

Rotaviruses are the leading cause of severe gastroenteritis in
young children worldwide (24). Structural and biochemical
analyses show that rotaviruses are large, icosahedral particles
consisting of three concentric capsid layers surrounding a ge-
nome of 11 segments of double-stranded RNA (15, 45). VP4 is
a nonglycosylated protein and forms spikes that project from
the rotavirus surface. Trypsin cleavage of VP4 into the frag-
ments VP8* and VP5* is required for viral infectivity and
stabilization of the spikes (11, 30). VP4 has been implicated in
several important functions, such as cell attachment, penetra-
tion, hemagglutination, neutralization, and virulence (10, 17,
26, 32). It has been shown previously that VP5*, which includes
a conserved hydrophobic region located between amino acids
(aa) 384 and 401 of VP4, is a specific membrane-permeabiliz-
ing protein and could play a role in the cellular entry of rota-
viruses (12). Heterotrimers consisting of VP4, NSP4, and VP7
may participate in the budding of the single-shelled particles
into the lumen of the endoplasmic reticulum, where matura-
tion to double-shelled particles seems to occur (33, 39).

Rab proteins are a family of Ras-related low-molecular-
weight monomeric GTP-binding proteins (�20 to 29 kDa)
which are key regulators of vesicular transport within eukary-
otic cells (7). Several effector proteins alter either the state of
phosphorylation or the intracytoplasmic location of Rab pro-
teins and thus modulate their biological activity (25). The first
modification refers to a posttranslational covalent addition of
two 20-carbon isoprenoid geranyl-geranyl groups to free cys-
teine residues near or at the carboxy terminus (2). Isopreny-

lation facilitates association of Rab proteins with membrane-
bound compartments and allows their localization to the
cytoplasmic surface of distinct exocytic and endocytic or-
ganelles. The second modification refers to the state of phos-
phorylation. The GTPase-activating protein facilitates the hy-
drolysis of GTP by the intrinsic GTPase activity of the Rab
protein (7). The GDP-bound Rab is then released from mem-
branes to the cytosol by the cytosolic Rab GDP dissociation
inhibitor (GDI) (44). Conversely, the exchange of GDP for
GTP is facilitated by the guanine nucleotide exchange factor,
which favors Rab’s return to membranes and prevents the
displacement by Rab GDI. Another effector antagonizes the
action of the GDI: the prenylated Rab acceptor (PRA). PRA
favors the retention of Rab in the membrane by inhibiting its
removal from the GDI (1). By means of these effectors favor-
ing the transitions between states, Rab proteins can cycle be-
tween (i) an active GTP-bound form localized at the cytoplas-
mic side of different subcellular organelles and (ii) an inactive
cytosolic GDP-bound form. Rab5 regulates the endocytic path-
way and is an important component of the docking and fusion
apparatus (19, 29). Three different Rab5 isoforms, Rab5a, -b,
and -c, have been reported previously, but no differences in
their functions in endocytosis have been discovered (9). In
addition, Rab5 has also been shown elsewhere to regulate the
motility of early endosomes along microtubules (38) and the
formation of clathrin-coated vesicles at the plasma membrane
(35).

In the present study, we have searched for intracellular part-
ners of VP4. Using two-hybrid and coimmunoprecipitation
experiments, we showed that during cell infection VP4 inter-
acts with Rab5 and PRA1 proteins. The VP4 domain impli-
cated in both interactions is located between aa 560 and 722.
Interaction between VP4 and Rab5 occurs at an early step of
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the infection. We showed also that molecules of VP4 interact-
ing with Rab5 and PRA1 were assembled neither in viral
particles nor in the heterotrimeric complexes consisting of
VP7, VP4, and NSP4.

MATERIALS AND METHODS

Saccharomyces cerevisiae two-hybrid screening. A Matchmaker monkey CV1
cell cDNA library fused with the yeast GAL4 activation domain in plasmid
pGAD 10 was purchased from Clontech. The constructs used as bait corre-
sponded to the VP4, VP5*, and VP8* proteins of bovine rotavirus (RF strain).
The VP4 bait was prepared by excision from pBS-RF4 (36) and insertion into the
BamHI site of plasmid pGBT9 (Clontech) carrying the GAL4 binding domain.
For VP5* and VP8* bait, BamHI restriction sites were introduced at 5� and 3�
ends of VP5* and VP8* cDNA to allow their cloning in pGBT9, and an ATG
start codon was added at the 5� end of VP5* cDNA. Nucleotides were replaced
by performing PCR with pBS-RF4 as template and the indicated primers, which
contained a BamHI site (underlined) to subclone VP8* (CGCGGATCCGCGA
TGGCTTCACTCATTTAT and CGCGGATCCGCGTTACCTTGATACTAT
CGA) and VP5* (CGCGGATCCGCGATGAATATTGTATATACA and CGC
GGATCCGCGTTACAAGCGACATTGCAT). The added start codon in VP5*
is indicated in boldface. Plasmid constructs were referred to as pGAL-VP4,
pGAL-VP5*, and pGAL-VP8*. The yeast HF7C strain containing the two re-
porter genes his3 and lacZ was first transformed with the bait plasmid by a
lithium acetate protocol (18). HF7C cells selected for growth in Trp-deficient
medium were then transformed with plasmid DNA from a pGAD 10 CV1 cDNA
library. The capacity to grow on Leu-deficient medium is provided by pGBT9.
Double transformants were grown on plates containing medium lacking Trp and
Leu (Trp� Leu�) to select for the presence of both the bait and the library
plasmids. Additionally they were grown on medium deprived of Trp, Leu, and
His (Trp� Leu� His�) to select for protein-protein interactions. Positive clones
were then assayed for �-galactosidase activity as instructed by the supplier
(Clontech). Plasmid DNA isolated from yeast clones was then transformed into
Escherichia coli HB101 and sequenced with an ABI 310 sequencer by using
pGAD direct and reverse primers. Homology searches were performed on the
National Center for Biotechnology Information database with BLAST and PSI-
BLAST (3).

Antibodies. Monoclonal antibody (MAb) to the Rab5 protein was purchased
from Synaptic System GmbH, Goettingen, Germany. For immunostaining and
immunoprecipitation experiments, we used a panel of murine MAbs directed
against rotavirus proteins. MAbs 5.73, 1026, and E22 are directed against VP4,
VP6, and VP2, respectively (27, 36, 41). A rabbit anti-NSP4 antiserum directed
against the C-terminal part of NSP4 was used in immunostaining experiments
(kindly supplied by L. Svensson, SMI Stockholm). M5 MAb against the FLAG
peptide was purchased from Sigma. A nonrelevant MAb against human kappa
light chain, KP-53, was purchased from Sigma and used for controls. Peroxidase-
conjugated secondary antibody was purchased from Amersham, Les Ulis,
France.

Infection of cultured cells, immunoprecipitation, and Western blotting. Fetal
rhesus monkey kidney cell line MA104 was grown to confluent monolayers in
Eagle’s minimal essential medium (Life Technologies, Paisley, Scotland) supple-
mented with 10% fetal calf serum and antibiotics. MA104 monolayers were
washed with serum-free medium and infected with bovine rotavirus (RF strain)
at a multiplicity of infection of 10 PFU/cell. At various times postinfection (p.i.),
cells were washed in phosphate-buffered saline, harvested into 10 mM potassium
acetate–10 mM HEPES (pH 7.3) containing aprotinin (10 �g/ml) and leupeptin
(10 �g/ml), and swelled on ice for 10 min. Cells were then lysed by 10 passages
through a 26-gauge needle, and the buffer was adjusted to 25 mM potassium
acetate and 125 mM HEPES, pH 7.3. The cellular homogenate was centrifuged
at 2,000 � g for 20 min to remove nuclei. Endosomal and cytosolic Rab5 were
recovered in the supernatant after centrifugation at 18,600 � g for 15 min.
Lysates corresponding to 9 � 106 cells were immunoprecipitated with antibodies
for 1 h at 37°C, and then 40 �l of protein A-Sepharose CL-4B beads (Pharmacia)
was added to the mixture and incubated for 1 h at room temperature. Beads
coupled to immune complexes were washed four times with 25 mM potassium
acetate–125 mM HEPES, pH 7.3, buffer, supplemented with aprotinin and leu-
peptin in the concentrations indicated above. Finally, immune complexes were
suspended in 20 �l of Laemmli sample buffer and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 12% polyacrylamide)
(28) and Western blotting. Proteins were transferred to polyvinyl difluoride
membranes that were incubated sequentially with mouse MAb and peroxidase-

conjugated anti-mouse secondary antibody and revealed by enhanced chemilu-
minescence, as instructed by the manufacturer (Amersham).

Construction of FLAG-Rab5 and FLAG-PRA1: transfection of COS-7 cells.
Clones selected from the CV1 cell cDNA library contained full-length cDNAs
encoding Rab5a, Rab5c, and PRA1. These inserts were subcloned in frame with
the C termini of the FLAG amino acid sequence added to pcDNA3.1 ahead of
a NotI site (D. Poncet, personal communication). Resulting constructs were
referred to as pcDNA-Rab5a, pcDNA-Rab5c, and pcDNA-PRA1, respectively.
COS-7 cells were grown to confluent monolayers in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum. Cells were then transfected
with Lipofectamine reagent (Gibco BRL) according to the manufacturer’s in-
structions. After 3 days, cells were washed and infected at a multiplicity of
infection of 10 PFU/cell. Lysates were prepared for immunoprecipitation as
described above.

Mutants of VP4 and evaluation of their interactions with Rab5a and PRA1. A
series of 10 mutants was constructed by either QuikChange (Stratagene, Am-
sterdam, The Netherlands) or mutagenic PCR methods with pBS-RF4 plasmid
as a template (see Fig. 5). Three of these mutants were designed to alter
specifically identified motifs: VP5scFus was mutated in the putative fusion do-
main (P395D and G400D), VP5scInt was mutated in the putative integrin bind-
ing domain (R307I, D308A, and G309V), and VP5scCC was mutated in the
coiled-coil domain (F505S, L508V, and I512S). The seven mutants with deletions
corresponding to amino acid domains 248 to 577, 458 to 568, 560 to 776, 560 to
722, 614 to 776, 248 to 639, and 283 to 776 were referred to as VP5�sc1, VP5ve1,
VP5ve2, VP5ve3, VP5ve4, VP5sc2, and VP5sc3, respectively. After complete
nucleotide sequencing, amplified fragments were digested with EcoRI and PstI
and introduced in a pGBT9 vector (Clontech) previously digested with the same
enzymes. We then investigated the interaction of these mutated proteins with
GAL4AD-Rab5a or with GAL4AD-PRA1 in yeast cells. Qualitative and quan-
titative results were obtained by assessing the ability of yeast to grow in the
absence of histidine (Trp� Leu� His�), by the appearance of blue colonies in the
presence of X-Gal (5-bromo-4-chloro-3-indolylphosphate), and by assaying the
�-galactosidase activity of yeast grown in liquid medium with the LacZ chromo-
genic substrate ONPG (o-nitrophenyl-�-D-galactopyranoside) from Sigma-Al-
drich, St. Quentin Fallavier, France.

RESULTS

Identification of cellular partners of VP4. In order to iden-
tify potential host cell proteins that interact with the VP4
protein of rotavirus, we used the yeast two-hybrid approach.
No transactivation signal was detected when HF7C cells were
cotransfected with VP4 cDNA containing bait or prey plasmids
and with empty prey or bait plasmids. Yeast cells were cotrans-
formed with one of the bait plasmids corresponding to VP4,
VP5*, or VP8* and with the prey plasmids containing the
monkey CV1 cell cDNA library. With VP8* as bait, none of 1.1
� 106 transformants isolated were able to activate the tran-
scription of both HIS3 and lacZ reporter genes. Thus, no
interaction between VP8* and a cellular partner was detected
(Table 1). With VP4 and VP5* as baits, 97 clones (34 for VP4
and 63 for VP5*) grew in the absence of histidine and showed
blue colonies in the presence of X-Gal substrate. After restric-
tion analysis and sequencing, 27 clones containing two different
full-length open reading frames fused to the activating domain
of polymerase II were identified. Twenty-two of these clones
encoded a 185-aa protein identified as PRA1, and five clones
encoded a 217-aa protein identified as Rab5a (Table 1). The
Rab5a isoform was detected with both baits, VP4 and VP5*,
while the Rab5c isoform was detected only with the VP5* bait.
Genes coding for Rab5 and PRA1 were subcloned in pGBT9
and assayed with VP4 and VP5* genes subcloned into pGAD.
Under those conditions, symmetrical to the conditions used for
the screen, no interaction was observed since no colonies were
able to grow in the absence of histidine. This situation could be
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due to the folding of fusion proteins and has been previously
observed (22).

Evidence of interaction between VP4 and Rab5. Coimmu-
noprecipitation studies were performed to determine the as-
sociation of Rab5 with VP4 in infected cells. Both VP4 and
Rab5 can be detected by Western blotting in lysates of MA104
cells infected with bovine rotavirus (Fig. 1A, lanes 1 and 2).
Rab5 complexes were immunoprecipitated with anti-Rab5
MAb, and VP4 present in these complexes was detected by
immunostaining. Thus, we demonstrated an interaction be-
tween VP4 and Rab5 (Fig. 1B, lane 4). The specificity of Rab5
complex immunoprecipitation was also shown by the use of a

nonrelevant MAb with which no VP4 was detected (Fig. 1B,
lanes 9 and 10). COS-7 cells were separately transfected with
plasmids allowing expression of either FLAG-Rab5a or
FLAG-Rab5c protein. Transfected cells were then infected
with rotavirus. In both cases we detected VP4-Rab5 complexes
after immunoprecipitation by an anti-FLAG MAb, which de-
tects only the plasmid-directed expression of Rab5 (isoforms a
and c) and not the endogenous molecules. No coimmunopre-
cipitation of VP4 and Rab5 was observed with the anti-FLAG
MAb in lysate from COS-7 cells transfected with an empty
plasmid. These results clearly indicated that VP4 interacts spe-
cifically with both Rab5a and Rab5c (Fig. 1B, lanes 6 and 8).

The presence of VP4 implicated in the complexes was mon-
itored during the infection cycle by immunoprecipitation of
infected-cell lysates with anti-Rab5 MAb and anti-VP4 immu-
nostaining (Fig. 2). VP4 was detected in association with Rab5
by 6 h p.i. At 18 h p.i., VP4 was no longer detected. The
absence of VP4-Rab5 complexes at a late stage of infection
could be due to several factors including (i) reduction in the
synthesis of Rab5, like that of most cellular proteins during the
late stages of infection; (ii) a change in the phosphorylation
state of Rab5; (iii) a change in Rab5 localization, cytoplasmic
or membrane bound; and (iv) the amount of available free
VP4, which is consumed for the final assembly of mature viri-
ons.

Rab5 does not interact with VP4 assembled in viral particles
nor with heterotrimer NSP4-VP7-VP4. In order to determine
whether VP4 interacting with Rab5 was free VP4 or VP4
incorporated into virus particles or heterotrimers previously
described (33, 39), we analyzed the complexes immunoprecipi-
tated with anti-Rab5 MAb for the presence of VP6, VP2, and
NSP4. As shown in Fig. 3 (lanes 1, 3, 5, and 7), out of the four
viral proteins tested, only VP4 was present in complexes con-
taining Rab5. We checked also that these viral proteins were
present in cell lysates in sufficient amounts to be detected by
immunostaining (Fig. 3, lanes 4, 6, and 8). These results indi-
cated that molecules of VP4 interacting with Rab5 were not
found in mature viral particles or in heterotrimeric complexes.

Evidence of interaction between VP4 and PRA1. To confirm
results obtained after the two-hybrid screening, we performed
immunoprecipitation of complexes containing PRA1. Since no
good serum against PRA1 was available, COS-7 cells were
transfected with a construct allowing the expression of the
FLAG-tagged PRA1 and infected 48 h later by rotavirus. Ly-

FIG. 1. Coimmunoprecipitation of VP4 and Rab5 protein in in-
fected MA104 and transfected COS-7 cells. (A) Lysate from infected
MA104 cells at 6 h p.i. was analyzed by SDS-PAGE and anti-Rab5 or
anti-VP4 Western blotting (lanes 1 and 2, respectively). (B) Lysates
from infected (inf.) or mock-infected (mock) MA104 cells were sub-
jected to immunoprecipitation with protein A-Sepharose beads loaded
with anti-Rab5 MAb (lanes 3 and 4) or nonrelevant antibody (lanes 9
and 10). Immunoprecipitates were analyzed by SDS-PAGE and anti-
VP4 Western blotting. Lysates for infected and transfected COS-7 cells
with pcDNA3.1-Rab5a (Rab5a), pcDNA3.1-Rab5c (Rab5c), and
pcDNA3.1 (C) were subjected to immunoprecipitation with protein
A-Sepharose beads loaded with anti-FLAG MAb. Immunoprecipitates
were analyzed by SDS-PAGE and anti-VP4 Western blotting. Molec-
ular mass markers are indicated between panels A and B. H and L
correspond to heavy and light chains of immunoglobulin G, respec-
tively.

FIG. 2. Time course of interaction between VP4 and Rab5. Lysates
were prepared from mock-infected (mock) or infected (inf.) MA104
cells at 3, 6, 9, 12, and 18 h after rotavirus infection. Each lane
corresponds to the total protein content of 9 � 106 cells. These lysates
were subjected to immunoprecipitation with protein A-Sepharose
beads loaded with anti-Rab5 MAb. Immunoprecipitates were analyzed
by SDS-PAGE and anti-VP4 Western blotting.

TABLE 1. Screening of the monkey CV1 cell cDNA library with
VP4, VP5*, and VP8* proteins of rotavirus

Bait Transformanta
Preyb

Rab5apGBT9 Rab5cpGBT9 PRA1pGBT9

VP4pGADc 1 � 106 1 0 5
VP5*pGAD 1.2 � 106 3 1 17
VP8*pGAD 1.1 � 106 0 0 0

a Number of transformants isolated on the basis of their ability to grow on
medium containing histidine.

b Number of transformants growing in the absence of histidine and producing
blue colonies in the presence of X-Gal substrate (induction of both reporter
genes, his3 and lacZ).

c Controls for self-activation of the fusion protein (i.e., after cotransfection
with VP4, VP5*, and VP8* fused to the activation domain in pGAD and the
empty pGBT9) did not show colony growth in the absence of histidine.
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sates were prepared 6 h p.i. in the absence of detergent as
above and submitted to immunoprecipitation with an anti-
FLAG MAb. The presence of VP4 in immune complexes was
analyzed by VP4-specific immunostaining. As shown in Fig. 4
(lane 3) and in contrast with mock-infected cells (Fig. 4, lane
2), detection of VP4 was specific for infected cells, thus dem-
onstrating interaction between VP4 and PRA1 during infec-
tion. A lysate of infected COS-7 cells transfected with an
“empty” plasmid was used as a control (Fig. 4, lane 1).

Identification of VP4 domains involved in binding to Rab5
and to PRA1. VP4 is a 776-aa-long protein that presents four
previously described signatures: (i) an amino-terminal trypsin
cleavage product, VP8* (13, 17), which carries hemagglutinin
activity; (ii) an integrin-interacting domain (aa 308 to 310)
(21); (iii) a fusogenic domain (aa 384 to 404) (14); and (iv) a
coiled-coil domain (aa 494 to 554) (31). Screening the yeast
two-hybrid system clearly showed that VP8* does not interact
with PRA1 (Table 1 and Fig. 5). Reproducibly, the interaction
between VP4 and Rab5 or PRA1 was stronger when assayed
with the VP5* domain than when assayed with the full-length
VP4 (Fig. 5, pGAL-VP4 and pGAL-VP5*, respectively). The
difference in reactivity between VP4 and VP5* may be related
to differences in folding of these proteins as such or, since in
the two-hybrid assays they are expressed as fusion proteins, to
different folding of the fusion products. Truncated derivatives
of VP4 could be misfolded and may not be able to preserve the
structure necessary for their ability to interact with partners.

To evaluate the role of the predicted functional domains, we
have constructed three site-directed mutants with mutations in
the predicted motifs. Mutations have been selected on the
basis of the comparisons of the numerous VP5* sequences
available and also because they are likely to alter the identified
functions of these sites. In addition, in order to grossly identify

the domains of VP5* implicated in the interactions with Rab5
and PRA1, seven VP5* proteins with different deletions at the
C- and N-terminal ends have been constructed. The readout of
the interaction was the growth of yeasts harboring the two
plasmids in His� medium. The interaction of the various VP5*
mutants with Rab5a or PRA1 was confirmed in a quantitative
galactosidase assay based on the induction of the lacZ gene.
Wild-type VP5* and VP8* were used as positive and negative
controls, respectively. Mutations in two putative functional
domains of VP5*, namely, the fusion and integrin receptor
domains, reduced but did not suppress the interaction with
PRA1 and Rab5. Mutation in the coiled-coil domain did not
alter interaction between VP5* and PRA1 but abolished the
interaction between VP5* and Rab5. Vice versa, the deletion
mutant VP5�sc2 interacted with Rab5 but not with PRA1. As
illustrated in Fig. 5, two deletion mutants of VP5* (VP5�ve2
and VP5�ve3), truncated by 559 aa from the N-terminal end,
were able to interact with PRA1 and Rab5. This analysis al-
lowed the conclusion that the same region, extending from
residues 560 to 722, is responsible for the binding of VP4 to
both Rab5 and PRA1.

DISCUSSION

Rab5 and PRA1 clones were isolated as VP4 and VP5*
fused to the activating domain-interacting clones in a yeast
two-hybrid screen of a monkey CV1 cell cDNA library. When
VP4 and VP5* were fused to the DNA binding domain, no
interaction was recorded. Lack of interaction in this situation

FIG. 3. Interaction among rotavirus proteins VP2, VP6, NSP4, and
Rab5. Lysate of infected MA104 cells 6 h p.i. was subjected to immu-
noprecipitation with protein A-Sepharose beads loaded with anti-Rab5
MAb. Immunoprecipitates were analyzed by SDS-PAGE and anti-
VP4, anti-VP6, anti-VP2, or anti-NSP4 Western blotting (lanes 1, 3, 5,
and 7, respectively). The same lysates were analyzed directly, i.e., prior
to immunoprecipitation, by SDS-PAGE and anti-VP4, anti-VP6, anti-
VP2, or anti-NSP4 Western blotting (lanes 2, 4, 6, and 8, respectively).
Each lane corresponds to the total protein content of 9 � 106 cells. H
and L correspond to heavy and light chains of immunoglobulin G,
respectively. The additional band present in lane 7 is probably due to
a contaminant protein in the anti-Rab5 antibodies. Migration of mo-
lecular mass markers is indicated on the left.

FIG. 4. Interaction between VP4 and PRA1. Lysates from infected
(RF) or mock-infected (m) COS-7 cells transfected with pcDNA3.1-
PRA1 were subjected to immunoprecipitation with protein A-Sepha-
rose beads loaded with antibodies specific for FLAG. A lysate of
infected and transfected COS-7 cells with pcDNA3.1 Hygro-FLAG
vector was used as a control and submitted to the same immunopre-
cipitation procedure (lane 1). Immunoprecipitates were analyzed by
SDS-PAGE and anti-VP4 Western blotting. Total lysates from in-
fected (RF) or from mock-infected (m) COS-7 cells transfected with
pcDNA3.1-PRA1 were analyzed by SDS-PAGE and anti-VP4 Western
blotting (lanes 4 and 5). Each lane corresponds to the total protein
content of 9 � 106 cells. H and L correspond to heavy and light chains
of immunoglobulin G, respectively. Migration of molecular mass
markers is indicated on the left.
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was observed by Ito et al. when analyzing a great number of
interactions in cells in the dual-hybrid assay (22). Moreover,
the presence of a coiled-coil structure has also been reported
as an obstacle in two-hybrid assays (37). The coiled-coil do-
main predicted in VP4 (31) could explain why the detection of
the interaction is not symmetrical. The interaction of VP4 with
both cellular partners, Rab5 and PRA1, was confirmed by
coimmunoprecipitation of infected- or transfected-cell lysates.
This interaction occurs at an early step of the infection and
disappears before cell lysis. This is most probably due to the
decreased amount of Rab5 synthesized after cell infection, due
to either its degradation or a decreased Rab5 synthesis. This
decreased amount of Rab5 could explain why we did not detect
VP4/Rab5 complexes any longer at 18 h p.i. and suggests that
the endocytic activity of infected cells could be drastically af-
fected by the infection.

Site-directed mutagenesis in the fusion or in the integrin
domain did not suppress the interaction of VP5* with Rab5
and PRA1. By contrast, mutations designed to alter the coiled-
coil domain abolished the interaction of VP5* with Rab5, but
not with PRA1. On the other hand, the mutant VP5�sc2, the
deletion which extends from residues 248 to 639 of VP4, in-
teracted with Rab5, but no longer with PRA1. Despite a sche-
matic model of the general topology of VP4 and predictions of

secondary structure (31, 47), consequences of mutations for
the global conformation of VP5* cannot be precisely envi-
sioned, and only mutants that give a positive signal when as-
sayed in the dual-hybrid system have to be considered. A sum-
mary of data derived from mutant analysis could be as follows:
(i) the domain aa 560 to 722 is necessary for the interaction of
VP5 with both partners, and (ii) interactions with Rab5 and
PRA1 can be dissociated as evidenced by the two mutants
VP5scCC and VP5�sc2.

Proteins involved in the control of the secretory pathway are
often conserved from yeast to mammals (5). Sequence com-
parisons have indicated that the yeast homologues of Rab5 and
PRA1 are Vps21p/Ypt51p and Yip3p, respectively (34, 46).
Thus, it is possible that the interactions between VP4 and
PRA1 or Rab5 as well as between Rab5 and PRA1 (6), dem-
onstrated in a yeast dual-hybrid screen, were not direct but
were mediated through a yeast partner. VP4, PRA1, and Rab5
have been individually expressed in a bacterial expression sys-
tem. Attempts to confirm the interaction between VP4 or
VP5* and Rab5 or PRA1 by glutathione S-transferase pull-
down assays were unsuccessful (data not shown). These results
may suggest that interactions among VP4, PRA1, and Rab5
were indeed not direct and could imply additional molecules.

Adenovirus penton binds to 	V integrin, and this interaction

FIG. 5. Schematic diagram of the truncated VP4 and VP5* proteins fused to the GAL4 binding domain and analysis of VP4-Rab5 and
VP4-PRA1 interactions. (A) Bars represent the protein product of each deleted VP4 gene, with amino acid positions indicated. Positions of amino
acid changes are indicated for VP5scFus, VP5scInt, and VP5scCC mutants. Int, integrin receptor; Fus, fusogen domain; CC, coiled-coil sequence.
HF7C yeast was cotransformed with the indicated mutant and pGAD-Rab5a and pGAD-PRA1. The interaction was assessed by checking for blue
colonies in the presence of X-Gal. (B) Quantitative evaluations of the interactions were obtained from independent yeast cotransformants assayed
with ONPG as substrate. �-Galactosidase activity was expressed in units and calculated by the following formula: (1,000 A420)/(A600TV), where A420
is the absorbance of the reaction mixture, A600 is the cell density of the culture, T is the reaction time (in minutes), and V is the volume (in
milliliters) used for the assay. Solid and open bars correspond to interactions of Rab5 and PRA1 with constructs indicated, respectively. Standard
deviations are shown (n 
 3).
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activates the phosphatidylinositol 3-kinase, which in turn reg-
ulates endocytosis via Rab5 (40). 	V integrins are coreceptors
of both rotaviruses and adenoviruses (4, 20). Modes of involve-
ment of Rab5 are quite different in the replication cycles of
these different virus families, but this does not imply a partic-
ipation of Rab5 at distinct steps of the infection. In the case of
adenovirus, Rab5 appears to play a role in the entry of virus in
early endosomes. The contribution of Rab5 in the rotavirus life
cycle is still unclear and needs to be further characterized. The
absence of interaction of Rab5 with TLPs and at very early
steps of infection (before 6 h p.i.) strongly argues against a role
of Rab5 in rotavirus entry. The absence of interaction with the
NSP4-VP4-VP7 trimeric complex does not favor a role of
Rab5 in the assembly of neovirions, i.e., near the end of the
replication cycle. From these results it is likely that VP4-Rab5,
VP4-PRA1, and/or VP4-PRA1-Rab5 complexes that could
also contain other host proteins are involved in the homeosta-
sis of free cytosolic VP4, whose functions remain to be clari-
fied.

Like rotavirus VP4, the cytoplasmic domain of the structural
transmembrane protein gp41 of simian immunodeficiency vi-
rus, like that of other phylogenetically diverse lentiviruses,
interacts with PRA1 in dual-hybrid experiments (16). PRA1
localizes to Golgi membranes and appears to participate in
vesicular trafficking. It has been previously demonstrated that
rotavirus and VP4 do not associate with the Golgi apparatus
(23, 43). However, it has also been shown that VP4 and com-
plete rotavirus particles strongly associate with lipid raft mi-
crodomains that originate from the Golgi apparatus. It is
therefore tempting to speculate that an interaction between
PRA1 and VP4 may participate in the recruitment of VP4 to
these raft membrane domains, a process that will later favor
both virus assembly and VP4 expression at the cell surface
(36). The association of both gp160 and VP4 with PRA1 is
consistent with the demonstration that both viral proteins are
found associated with rafts (42, 43), themselves originating
from Golgi membranes (8).
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